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Abstract
Numbers of incentives were offered by Malaysian government to encourage the growth of renewable energy in
meeting the Tenth Malaysian Plan (from 2011 to 2015) target of 98 MW which contributes 5.5 % of the total 
electricity generation. It becomes increasingly important to understand the technical challenges facing high 
penetration of distributed generation (DG), especially for photovoltaic (PV) system. With many larger PV 
installations in low voltage distribution networks (LVDN) coming soon, several issues may arise such as voltage 
unbalance, voltage regulation, voltage rise, cable and transformer thermal limits and network losses inLVDN. This 
paper presents a technique to mitigate the voltage unbalance in LVDN with a high penetration of PV system by using 
a controllable Energy Storage Unit (ESU). Investigations are carried out in the experimental Small-Scaled Energy 
Zone (SSEZ).
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1. Introduction
In the year 2011, the Malaysian government has voiced proposals for a feed-in tariff to allow electricity 
produced from renewable sources to be sold to utilities at a fixed-premium price. The feed-in tariff would 
be levied at 1% of consumers’ electricity tariff and be administered by the Sustainable Energy 
Development Authority, under the Ministry of Energy, Green Technology and Water. Malaysia is located 
entirely at the equatorial region with an average daily solar radiation of 4,500 kWh/m2, and with a 
sunshine duration of about 12 hours. Hence, solar energy will likely be the key focus, although the target 
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suggests that over the next five years the emphasis is on putting in place the systems and infrastructure to 
support a future growth in renewable energy rather than racing ahead with building capacity [1]. Building 
Integrated Photovoltaic (BIPV) system can lead to a sustainable and widespread application of PVs in 
LVDN. The Malaysia BIPV project was aimed to induce the growth of BIPV installations by 
approximately 400%, from 470 kW in 2006 to approximately 2,000 kW by 2010, with a unit cost 
reduction in the region of 20%. Currently, the BIPV project has achieved a 25% cost reduction [2]. 
However, the design of the existing LVDN does not take into account the expected technical issues 
caused by the possible growth of BIPV system.  A high level of PV integration into the network has the 
potential to cause several technical issues, namely i) under- or over-voltage, ii) thermal limits of cables 
being exceeded, iii) increase in voltage unbalance and iv) deterioration of network efficiency. Numerous 
studies were carried out to investigate the impacts of Small-scale Embedded Generation (SSEG) or 
Distributed Generation (DG) on existing low-voltage 3-phase 4-wire distribution networks [3]-[5]. In 
Malaysia, the statutory limit of the voltage unbalance is 1 % [6] which is much stringent as compared to 
1.3 % in the UK and 2 % in EU [7]. 
BIPV systems are most likely to be single-phase and connected to the LVDN through “fit and inform” 
principle by customers. Therefore, it may cause voltage unbalance in the LVDN. The adverse effects of 
the voltage unbalance are the deterioration of performance and the short life span of three-phase induction 
machines as well as distribution transformers [8]-[9]. The objective of this paper is to investigate the 
voltage unbalance caused by PV system in LVDN and propose an effective control strategy for mitigating 
the voltage unbalance of the network.
2. Voltage Unbalance Factor
In a three phase balanced power system, the line to neutral voltages are sinusoidal with equal 
magnitudes and phase angles. Unequal magnitudes or phase angles will result in an unbalanced supply. 
The voltage unbalance at the distribution networks may be caused by several factors as follow: 
1. Uneven distribution of single phase load across the three-phase   network
2. Continuous changing of the instantaneous demand
3. Unbalanced or unstable utility supply
According to the European Standards, Voltage Unbalance Factor (VUF) is defined as the ratio of the 
negative sequence voltage (V-) to the positive sequence voltage (V+) represented as follows [10]-[11]:
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The negative and positive sequence of the system voltage can be computed as follow:
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where Va, Vb and Vc are the three phase line voltages and V
0, V+ and V- are the positive, negative and zero 
sequence voltage components, respectively.
3. Experimental Small-Scaled Energy Zone
The Experimental Small-Scaled Energy Zone (SSEZ) has been designed for investigating the effect of 
high DG penetrations on distribution networks. It consists of a load emulator, a wind turbine generator 
emulator, a photovoltaic (PV) generation emulator, an Energy Storage Unit (ESU) and a LV network 
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emulator, as shown in Fig. 1. The electrical layout of the SSEZ is illustrated in Fig. 2.
Fig. 1. Experimental Small-Scaled Energy Zone (SSEZ)
Fig. 2. Electrical layout of Experimental Small-Scaled Energy Zone (SSEZ)
4. Energy Storage System
The energy storage system consists of a SMA Sunny Island 4500™ bi-directional power inverter, a 
battery bank consisting of 4 X 110Ah batteries and a control system. The Sunny Island 4500™ bi-
directional power inverter is used as an interface between the lead-acid battery based energy storage unit 
and the experimental SSEZ. This unit features the ability to connect in parallel to the utility grid in single 
phase and also facilitates islanded operation of an LVDN. In the experimental SSEZ, the frequency of the 
system is fixed using the network connection emulator. The power output of the ESU is varied by 
changing the nominal frequency parameter of the Sunny Island 4500™. Similarly, reactive power output 
from the Sunny Island 4500™ can be controlled by varying the value of the nominal voltage. The battery 
bank consists of four carbon-fibre lead-acid Elecsol 110 batteries. These batteries are rated at 110Ah. The 
nominal voltage for these batteries is 12 V which results in an energy capacity of 5.28 kWh. These 
batteries are reported to have three times the life of conventional lead-acid batteries and can be discharged 
to 80% depth of discharge over one thousand times. These batteries are commercially available and are 
the recommended lead-acid batteries for installation with the Sunny Island 4500™. Fig. 3 illustrates the 
Energy Storage System. 
Fig. 3. Energy Storage System
5. Control Strategy for Voltage Unbalance Mitigation
For a balance distribution network, the current flow in the neutral line is always zero. When there is an 
unbalance in the network, the neutral current is no more zero. Hence, the current flow in the neutral line is 
used as the pilot for controlling the Energy Storage Unit such that it is either injects or delivers power to 
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the network. As a result, the voltage unbalance factor (VUF) of the network will be minimized. A control 
algorithm is developed using the graphical programming language in Labview™. A graphical interface 
control panel for the SSEZ is shown in Fig. 4.
Fig. 4. A graphical interface control panel for SSEZ
6. Experimental Results
The first investigation is to identify the most imbalance load conditions for the SSEZ. Several set of 
loads are included in each of the phases. In the balanced load condition, the voltage unbalance factor 
(VUF) is found to be 0.1921 %. For unbalanced load conditions, it was found that the VUF is the highest 
when one of the phases is fully loaded and the other two phases have no load. Fig. 5 shows the VUF for 
the unbalanced load condition with an increase in load. It is found that the VUF increases linearly with an 
increment of load. The VUF is found to be 2.08 % when the load achieves 2500 W.
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Fig. 5. VUF for unbalanced load condition when one of the phases is loaded and the other two phases have no load
The next investigation is to find out the impacts of PV integration into the networks at several 
conditions and the correction made by the ESU. 
6.1. Balanced load and PV system at phase A
In this case, the load distribution in the three phases is balance and the PV is placed at phase A. The 
three phase constant loads are set in a manner of [0 0 0], [500 500 500] and so on. It can be found that the 
VUF increases almost in a linear manner with an increment of PV size, as shown in the Fig. 6.
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Fig. 6. VUF for balance load and PV system at phase A
6.2. Unbalanced with load and PV system at phase A 
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Fig. 7.  VUF for unbalanced with load and PV system at phase A
In this case, the load is located at phase A while there are no loads at phase B and phase C. From Fig. 
7, it is seen that the VUF decreases for all load values except for the load of 500 W. It can also be found 
that the graph for the load of 500 W is U-shaped. The minimum point occurs when the PV size is 500 W. 
This is due to the fact that the PV power has offset the load at phase A. Hence, the load profile of the 
network becomes more balanced. As the size of PV continues to increase, there will be an excess power 
in the phase A. Hence, the network becomes unbalanced. In fact, with this load condition, the placement 
of PV system at the same phase as load can help to mitigate the voltage unbalance factor as long as the 
power generated by the PV system does not exceed the load value.
6.3. Unbalanced with load at phase A and PV system at phase B
This case is similar to case B except that the PV system is located at phase B. It is found that the VUF 
increases with an increment of PV size. It is noted that the VUF in this case is higher than that in case A 
and case B. 
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Fig. 8. VUF for unbalanced with load at phase A and PV system at phase B
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6.4. Unbalanced with load, PV system and ESU at phase A
This case is similar to case B except that an additional Energy Storage Unit (ESU) is installed at phase 
A. The ESU plays a role to correct the voltage unbalance. In this case, a 2500 W load is placed at phase A. 
Fig. 9 illustrates the results of the network before the connection of ESU and after the connection of ESU.  
The label “before correction” means the ESU is not connected to the network while “after correction” 
means the ESU is connected to the network. It is found that the VUF has been successfully reduced by the 
ESU. The VUF is maintained in the range of 0.6 % to 0.8 %.
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Fig. 9. VUF for unbalanced with load, PV system and ESU at phase A
6.5. Unbalanced with load and ESU at phase A,  PV at phase B
This case is similar to case D except that the PV system is installed at phase B. Fig. 10 illustrates the 
results of the network before the connection of ESU and after the connection of ESU.  The ESU is capable 
of mitigating the VUF in the network. The VUF is maintained in the range of 1.1 % to 1.4 %.
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Fig. 10. VUF for unbalance with load and ESU at phase A, PV at phase B
6.6. Unbalanced with load at phase A,, ESU and PV system at phase B
This case is similar to case E except that the ESU is installed at phase B. Fig. 11 illustrates the results 
of the network before the connection of ESU and after the connection of ESU.  The ESU is capable of 
mitigating the VUF in the network. The VUF is maintained in the range of 0.9 % to 1.4 %.
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Fig.11.  VUF for unbalanced with load at phase A, ESU and PV at phase B
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7. Conclusion
Energy storage unit is proposed to be an intelligent active management solution for mitigating the 
voltage unbalance of the network with a high penetration of PV system. A control algorithm was 
developed and implemented using Lab view™. The experimental results show that the voltage unbalance 
factor can be effectively reduced by the Energy Storage Unit. The Energy Storage Unit acts as an energy 
conditioning device to absorb excess power from the network that is integrated with PV system and to 
deliver power to the network when there is an increase in the demand. The effectiveness of Energy 
Storage Unit in mitigating voltage unbalance factor depends on its location in the three phase network. 
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